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By using broadband linear and non-linear dielectric spectroscopy we studied the magnetoelectric
dynamics in the chiral antiferromagnet MnWO4. In the multiferroic phase the dielectric response
is dominated by the dynamics of domains and domain walls which is strongly dependent on the
stimulating electric field. The mean switching time reaches values in the minute range in the middle
of the multiferroic temperature regime at T ≈ 10 K but unexpectedly decays again on approaching
the lower, first-order phase boundary at TN1 ≈ 7.6 K. The switchability of the ferroelectric domains
denotes a pinning-induced threshold and can be described considering a growth-limited scenario
with an effective growth dimension of d ≈ 1.8. The rise of the effective dynamical coercive field on
cooling below the TN2 is much stronger compared to the usual ferroelectrics and can be described
by a power law Ec ∝ ν1/2. The latter questions the feasibility of fast switching devices based on
this type of material.
PACS numbers: 75.85.+t, 75.78.-n.Fg, 77.80.B-.Fm, 75.30.Mb, 75.60.Ch
A. Introduction
In recent years magnetoelectric multiferroics have at-
tracted considerable interest within the community of
correlated transition-metal compounds1,2. In these com-
pounds ferroelectric order and magnetism do not only co-
exist in a single phase but exhibit strong coupling of the
ferroic order parameters. Among other mechanisms the
probably most established magnetoelectric coupling sce-
nario is based on the inverse Dzyaloshinskii-Moriya (DM)
interaction in partially frustrated spiral magnets3,4. This
type of magnetically driven ferroelectricity is the under-
lying mechanism, e.g., in the numerously studied family
of multiferroic manganites such as TbMnO3
5,6 and in
principle is now well understood. In these compounds a
non-collinear cycloidal spin-structure is directly coupled
to a ferroelectric polarization resulting from the coher-
ent distortion of the Mn-O-Mn bonds perpendicular to
the propagation vector of the spin-cycloid. However, the
manifestation of a magnetoelectrically coupled multifer-
roic phase and the formation of the complex, magneto-
electric order parameter raises questions concerning the
corresponding dynamics.
One aspect is given by the elementary excitations
within the ordered multiferroic phase, the so called
electromagnons, as they were detected, e.g., in per-
ovskite manganites in a typically sub-phononic region
below terahertz frequencies7–9. Another aspect is the
low frequency dielectric response originating from in-
trinsic or extrinsic sample inhomogeneities. In materi-
als with a residual conductivity, which in addition may
be dependent on external fields, contributions of con-
tacts or grain boundaries may add capacitive or even
magneto-capacitive contributions, which will cover the
intrinsic sample properties10–13. Also one may find re-
laxational features resulting from localized polarons at
defect states as, e.g., demonstrated for the case of per-
ovskite rare-earth manganites above and within the mul-
tiferroic phase14. But even though one avoids these latter
contributions by choosing a suitable, i.e. well insulating,
high purity single crystalline material as we did in this
study, the formation of domains and their emergent dy-
namics will dominate the dielectric response of the mul-
tiferroic system15–18.
The system MnWO4, the mineral name is hu¨bnerite,
represents the above described class of magnetoelec-
tric multiferroics, in which the ferroelectricity is driven
by the onset of chiral spin order via the inverse DM
interaction19–21. Its crystal structure in the paramag-
netic phase is monoclinic with space group P2/c and
can be thought of as alternate stacking of the Mn2+ and
W6+ ions along the a-axis, both being octahedrally co-
ordinated by oxygen22. Along the c-direction the Mn
sites carrying the partially frustrated S = 5/2 spins
form zig-zag chains. Cooling down from higher temper-
atures the spin-system orders at TN3 = 13.5 K into an
incommensurate, collinear antiferromagnetic, sinusoidal
spin-density wave with an easy spin-axis within the ac-
plane. On further cooling at TN2 ≈ 12.6 K a second
order phase transition occurs into a non-collinear phase
with the same propagation vector. In this phase a chi-
ral spin-spiral with a spin-current not parallel to the
propagation vector emerges breaking the spatial inver-
sion symmetry. This results in the formation of elec-
tric polarization along the b-direction that can be well
described by the inverse DM interaction19–21. Finally,
below TN1 ≈ 7.5 K the spin arrangement becomes com-
mensurate and collinear via a first-order phase transition,
losing the ferroelectricity again. To summarize with re-
spect to the dielectric properties the multiferroic phase
(ferroelectric with chiral spin structure) lies in the tem-
perature range TN1 = 7.5 K< T < TN2 = 12.6 K, em-
bedded between a paraelectric phase with collinear sinu-
soidal spin order at higher temperature and a paraelectric
phase with collinear antiferromagnetic spin order at lower
temperature (see Fig. 1). In this article we report on
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2broadband spectroscopic investigations of the linear and
non-linear complex permittivity in high quality MnWO4
single crystals above and within the multiferroic phase
for frequencies from mHz to MHz and in electric fields
up to 1000 V/mm in order to shed light on the dynami-
cal dielectric response of the system.
B. Experimental details
Single-crystals of MnWO4 were grown from the melt
using the top-seeded growth technique, as described in
Ref. [23]. The samples are ruby-red transparent and in-
sulating above our measurement capabilities of 200 TΩ
in the regarded temperature regime, which is indica-
tive of a very low concentration of charge-doping de-
fects. Structural and magnetic measurements confirmed
the known behavior: The samples exhibit the monoclinic
space group P2/c and show the above described sequence
of phase transitions at TN1 ≈ 7.6 K, TN2 ≈ 12.6 K, and
TN3 ≈ 13.5 K19–21. The dielectric measurements were
performed in a commercial 4He-flow magneto-cryostat
(Quantum-Design PPMS) employing a home-made
coaxial-line inset. The complex, frequency dependent di-
electric response ε∗(ν) was measured using a frequency-
response analyzer (Novocontrol) for frequencies from
1 mHz to 1 MHz. For higher frequencies up to 200 MHz a
micro-strip setup was employed and the complex trans-
mission coefficient (S∗12) was evaluated via a vector net-
work analyzer (Rohde & Schwarz). All measurements
were performed with the electric field along the crystal-
lographic b-axis, the direction in which the spontaneous
ferroelectric moment points in zero external magnetic
field20,21. If not denoted otherwise, the measurements of
the complex permittivity were carried out with a stimulus
of the order Eac ≈ 1 V/mm. Additional measurements
in higher fields up to 1000 V/mm were conducted em-
ploying a high-voltage option for the frequency response
analyzer (Novocontrol HVB1000). The non-linear
permittivity contributions were obtained via the Fourier
components of the dielectric response. These higher har-
monics are directly evaluated from the normalized cur-
rent response at multiples of the base frequency n ∗ ν by
the firmware of the frequency-response analyzer (Novo-
control).
The quasi static P (E)-measurements and the P (T )-
data integrated from pyro-current measurements were
recorded using a high-precision electrometer (Keithley
6517B). In all cases, the contacts were applied to the
plate-like single-crystals using silver paint in sandwich
geometry with a typical electrode area of A ≈ 2 mm2
and a sample thickness of d ≈ 0.3 mm. The uncertainty
in the determination of the exact geometry together with
additional (but constant) contributions of stray capaci-
tances results in an uncertainty in the absolute values for
the permittivity of up to 30 %.
In Fig. 2 the real part of the dielectric permittivity
ε′(T ) is shown for different frequencies covering a span
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FIG. 1: Schematic sketch of the magnetically ordered phases
in MnWO4.[24]
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FIG. 2: (Color online) Real part of the dielectric permittivity
ε′ of MnWO4 for different frequencies between 100 mHz and
100 MHz in equidistant spacing measured with a stimulus of
∼1 V/mm and as a function of temperature around the mul-
tiferroic transition at TN2 ≈ 12.6 K. The inset shows a zoom
on higher frequencies.
of nine decades and a temperature region including both,
the phase transition into a sinusoidal spin density wave
at TN3 ≈ 13.5 K and the transition into the multiferroic
phase at TN2 ≈ 12.6 K. While the paraelectric to para-
electric transition at TN3 apparently has no pronounced
effect on the linear dielectric permittivity, clear anoma-
lies can be detected in the ε′(T ) curves at the para-
electric to multiferroic/ferroelectric transition at TN2.
Characteristic for these anomalies is a distinguished fre-
quency dependence. Usually permittivity measurements
with such small stimuli are performed using capacitance
bridges working at one single frequency, typically 1 kHz
or 10 kHz. Using smaller frequencies broadens the tail in
ε′(T ) below the transition. Also the peak height at the
transition is strongly dispersive and suppressed for higher
frequencies (see inset of Fig. 2). The general behavior,
i.e. having a flat non-dispersive dielectric background
on the order of ε∞ ≈ 10, is in accordance with other
published data19–21. The small weight of the anomaly
at the transition compared to the dielectric background
reflects, that the ferroelectric moment of the multiferroic
phase is nearly four orders of magnitude smaller than
in ordinary ferroelectrics where a Curie-Weiss-like diver-
gence dominates ε′(T )25. It has to be noted, that the
small frequency dependent shift in ε∞ ≈ 10 may be due
to apparatus-based uncertainties concerning the absolute
values and shall not be regarded in the following, the rel-
ative uncertainty is much smaller of course. In the fol-
3lowing we discuss the dispersion within the multiferroic
phase.
C. Domain dynamics in the multiferroic phase
Below the transition into the multiferroic phase the
dielectric response is dominated by ferroelectric domain
contributions. Fig. 3 shows a hysteretic P (E) curve mea-
sured along the crystallographic b-axis for T ≈ 10 K <
TN2. The data (-•-) are taken ’quasi-statically’ using a
time-dependent electric field with a triangular profile at
an effective frequency of about 6 mHz. The other hys-
teresis loops displayed in Fig. 3 are measured with re-
spect to sinusoidal stimulation at higher frequencies up
to 300 Hz employing the higher-order Fourier coefficients
of the non-linear permittivity εn as discussed below
26.
The obvious frequency dependence of the polarization
hysteresis will be discussed later, first we will address
the general characteristics of the quasi-static behaviour.
An eye-catching feature of the P (E) curve (-•- in Fig. 3)
is the linear region extending up to high electric fields
beyond the coercive field Ec. This slope corresponds to
the dielectric background ∆P/ε0∆E ≈ ε∞ ≈ 10, which
is independent of the ferroelectric contributions within
the multiferroic phase. As mentioned before, in these
weakly ferroelectric multiferroic compounds the magni-
tude of this dielectric background contribution is com-
parable to the ferroelectric polarization itself. For this
reason P (E) cycles measured via the surface charge27
look different compared to other experiments: Finger et
al. probed the switching of polarization indirectly via the
coupling to the magnetic chirality via neutron diffraction
in external electric fields28. Another method uses the
nonlinear optical effect of second harmonic generation,
as demonstrated in Refs. [16] and [17]. For these lat-
ter experimental methods the dielectric background ε∞
does not contribute and the P (E) loops directly exhibit
a much more square-like shape. In order to visualize the
characteristic parameters of the hysteresis curve, i.e. the
coercive field Ec at which the polarization jumps, one
has to subtract this background, as displayed in the in-
set of Fig. 3. The magnitude of the maximal jump in
the polarization near the coercive fields corresponds to
the switching of the sign of the complete spontaneous
polarization ∆P = 2Ps. The value of ∆P ≈ 50µC/m2
at T = 9.8 K is somewhat smaller than published results
for the spontaneous polarization from pyro-current20,21
and P (E) measurements27 but (considering the experi-
mental uncertainty) still in rough agreement. However,
already at this point we want to mention that the maxi-
mum of the switchable polarization Psw may differ from
the spontaneous polarization Ps due to local fields at de-
fect sites, which may be frozen-in during pyro-current
sequences. The dependency of such inner biases on pre-
history and sample preparation will be discussed in a
forthcoming publication29. In the following we tried to
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FIG. 3: (Color online) Electric field dependent polarization
P (E) measured for E ‖ b at temperatures below TN2. The
dotted curve was measured using a time dependent stimulus
E(t) with a triangular profile and an effective frequency of ν ≈
6 mHz. The other P (E) loops were reconstructed from the
first 10 orders of the non-linear permittivity measured with
sinusoidal stimulation at frequencies between 300 mHz and
300 Hz. The inset shows the P (E) loops for the switchable
net polarization after subtraction of the quasi-static dielectric
background ∝ ε∞.
reduce all statically frozen-in electric fields by zero-field
cooling and mainly used AC-fields oscillating symmetri-
cally around zero. Nevertheless, we will in the following
distinguish between the spontaneous and the switchable
polarization. The latter in addition is a dynamic quan-
tity. It can be seen directly from the inset of Fig. 3 that
the effective value of Ec is strongly frequency dependent.
And if Ec comes close to the amplitude of the stimulating
electric field Eac also the value of the switched polariza-
tion Psw < Psw,0 is reduced and has to be distinguished
from the maximal, quasi-statically switchable polariza-
tion.
In order to evaluate the dynamics of the ferroelectric
switching behavior, i.e. the frequency dependence of the
coercive field and the switched polarisation, it is favorable
to take advantage of the Fourier coefficients εn of the non-
linear complex permittivity, as mentioned above (n = or-
der of Fourier coefficient). The time dependent polariza-
tion response to a harmonic stimulation E(t) = Eac sinωt
can be expressed as
P (t) = ε0Eac
∞∑
n=1
(ε′n sinnωt− ε′′n cosnωt) .
The higher order components of the permittivity are
experimentally determined via the higher harmonics of
the frequency dependent polarization response using the
lock-in technique. To extract Ec and Psw from the
non-linear coefficients εn recorded in the frequency do-
main gives the advantage of a much broader frequency
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FIG. 4: (Color online) Upper frame: Spectra of the non-
linear orders εn of permittivity measured using a stimulus of
Eac = 1 kV/mm at T = 9.8 K. The first-order component
is displayed as ∆ε′1 = ε
′
1 − ε∞ (blue), the dielectric loss ε′′1
(red) and the magnitude |∆ε1| =
√
∆ε′2 + ε′′2 (light grey).
Also displayed is the magnitude of the second and third order
permittivities |ε2| and |ε3| which denotes the non-linear char-
acter of the dielectric response within the multiferroic phase.
Lower frame: The frequency dependence of the switched po-
larization Psw and the ratio ε
′′
1/|∆ε1| ≈ Ec/EEac. The dashed
line (green) represents a fit to Psw(ν) following the Ishibashi-
Orihara-model31 with a dimensionality parameter d ≈ 1.8 as
described in the text.
range with much higher sensitivity compared to the di-
rect recording of the equivalent time-domain response.
The higher sensitivity is caused mainly by the inherent
lock-in concept used for the detection in the frequency do-
main measurement. In addition, for time-domain record-
ing the shape of the hysteresis curves at higher frequen-
cies would be strongly influenced by the measurement
bandwidth. In the frequency domain the intrinsic dy-
namic values for Ec and Psw can be deduced already
from the first order components, which will be discussed
in the following.
Considering a “perfect”, inversion-symmetric square-
type hysteresis only the odd terms of εn will contribute
with a magnitude vanishing with 1/n. To capture the
exact shape of the loop one needs a considerable number
of higher order terms. Fig. 3 displays P (E)-loops recal-
culated from the terms εn with n ≤ 10. The dielectric
background ε∞ only shows up in the real part of the first-
order component ε′1. Thus the purely ferroelectric contri-
bution to the real part can be considered using the cor-
rected first order contribution ∆ε′1 = ε
′
1 − ε∞, the corre-
spondingly corrected P (E)-loops are displayed in the in-
set of Fig. 3. For a square-type hysteresis loop its height,
i.e. the switchable polarization Psw, is connected to the
higher harmonics according to the Fourier representation
of a step function. For the first order component it fol-
lows ε0Eac|∆ε1| = 4piPsw, where |∆ε1| =
√
∆ε′21 + ε
′′2
1
is the magnitude of the background corrected, i.e. only
ferroelectric, contribution to the first order of the non-
linear permittivity. Thus the switchable polarization can
be derived already from the linear component30: Psw =
pi
4 ε0Eac|∆ε1|. Furthermore, the phase of ε∗1, is deter-
mined by the position Ec within the P (E) loop, at which
the polarisation is switched. Usually, the imaginary part
of the permittivity is associated with the dielectric loss.
In the case of a (non-linear) hysteresis loop the energy
per volume dissipated within one cycle wcycle is given by
the inner area of the loop. For a square-type hystere-
sis loop this area can be estimated by the coercive field
and the switchable polarisation via wcycle = 2Psw · 2Ec.
Furthermore, the ratio between imaginary part and mag-
nitude of the first order component define the ratio be-
tween the coercive field and the stimulating field am-
plitude: Ec/Eac = ε
′′
1/|∆ε1|. Using the above denoted
expressions for Ec and Psw one finds the familiar result
that the dielectric loss is given by the imaginary part of
the first order permittivity: wcycle = piε0ε
′′
1E
2
ac. This
result holds in general for arbitrarily shaped hysteresis
loops driven with sinusoidal stimulus, only ε′′1 and not
the higher-order terms contribute to the loss30. Coming
back to the coercive field, the dielectric loss can be used in
order to give an estimate: Ec ≈ Eacε′′1/|∆ε1|. This is of
course restricted to the case Eac > Ec, i.e. it is only valid
as long as the coercive field does not exceed the stimulus.
For “real” hysteresis loops, i.e. smeared out squares, this
latter relation may not give directly the value of Ec but
at least the ratio ε′′1/|∆ε1| ≈ 1 may serve as an indication
that the P (E) loop is no longer completely saturated.
Anyway, for real P (E) curves the coercive field has to
be understood as an averaged quantity due to the dis-
tribution of switchable domains. The single-cycle quasi-
static loop shown in Fig. 3 (-•-) even shows Barkhausen
jumps which demands an average over several cycles in
order to determine an effective value for Ec. In addition,
the simple zero-crossing of the polarization curve will de-
pend not only on frequency but as well on the shape of
the stimulating electric field: e.g., for a sinusoidal stim-
ulus the switching will appear retarded compared to the
a triangular excitation. Thus to capture the dynamical
aspects of the polarization switching it is useful to define
the effective frequency dependent coercive field via the
maximum in the non-linear dielectric loss spectra ε′′1(ν),
as outlined in the following.
In the upper frame of Fig. 4 the permittivities ε1,2,3(ν)
are displayed for the temperature T = 9.8 K, correspond-
ing to the P (E) data shown in Fig. 3. Comparing ε′1 and
|ε3| for low frequencies where the polarisation can be fully
switched we find roughly the factor 1/3 corresponding to
the above mentioned expectation for square-like hystere-
sis loops. Also we find the even |ε2| to be much smaller
as expected for symmetric hysteresis loops. But never-
theless |ε2| is still finite, denoting a slight asymmetry of
the P (E)-loops due to the before mentioned possibility
to freeze internal bias fields. However, due to the only
small asymmetry we will not consider any bias effects
5in the following and regard the symmetrically averaged
results.
The main hysteresis features, i.e. the frequency depen-
dent behavior of the coercive field and switchable polar-
isation, are characterized by the first order components
of the non-linear permittivity ε′1 and ε
′′
1 . With increas-
ing frequency the dielectric loss ε′′1(ν) continuously rises
until it reaches a well defined maximum and decays af-
terwards. This enhancement of ε′′1(ν) corresponds to an
increased area within the P (E) loops displayed in Fig. 3.
These dynamics of the ferroelectric polarisation switching
are described considering a frequency dependent coercive
field Ec(ν), which can be derived from the maxima in the
dielectric loss spectra ε′′1(ν) at a given stimulus Eac, i.e.
for the frequency at which the coercive field Ec(ν) just
reaches the external stimulus and the dissipative P (E)
area of the hysteresis loop becomes maximal. Up to this
point the ratio ε′′1/|∆ε1| ≈ Ec/Eac (see lower frame of
Fig. 4) can serve as an estimate for the coercive field. On
increasing frequency the coercive field Ec(ν) reaches the
stimulating field amplitude Eac. This is denoted by the
maximum ε′′1(ν) and the ratio ε
′′
1/|∆ε1| ≈ 1. For higher
frequencies only a further reduced fraction of the polar-
ization can be switched within a field cycle, i.e. the P (E)
loops become flat and ellipsoid-like (see, e.g., the 300 Hz
curve in the inset of Fig. 3). The reduction of the switch-
able polarization Psw with increasing frequency due to
the increase of the corresponding effective coercive field is
directly monitored in the lower frame of Fig. 4. The steep
drop down of Psw towards higher frequencies can be de-
scribed using the Ishibashi-Orihara-model31,32 assuming
growth limited domain dynamics. This model is based
on switching dynamics dominated by the growth kinetics
based on the Kolmogorov-Avrami model33. Such a model
represents the canonical approach to describe single crys-
talline materials, for which the switching is regarded as
not being nucleation limited, in contrast to, e.g., poly-
crystalline films possessing small structural domains34.
In the present case it is adequate to assume quasi in-
stantaneous electric-field stimulated nucleation of inverse
domains and their subsequent growth in d dimensions is
considered. The dashed green line in Fig. 4 was fitted us-
ing the expression Psw/Psw,0 = 1−exp(−f−dΦE), where
the exponent d ≈ 1.8 denotes the effective growth dimen-
sion of the domains and ΦE is a factor depending on the
stimulating field amplitude.31 This decay of the polar-
isation switching is relatively narrow. The right flank
of the loss peak width, from the maximum to the half
maximum log(∆νHWHM/ν0) ≈ 0.5, is even narrower than
the corresponding width for the mono-dispersive Debye-
relaxator of 0.57 decades. This may point towards the
absence of a wide distribution of domain sizes, which
correspondingly would offer a broadened distribution of
relaxation or switching times. Mono-dispersive, Debye-
like permittivity spectra were also reported for the small
field response of domains at the multiferroic transition in
rare earth manganites14,15. But, as indicated above, the
shape of the loss spectrum in the upper frame of Fig. 4
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FIG. 5: (Color online) Real and imaginary part of the first-
order component of the non-linear permittivity measured for
frequencies between 0.3 Hz and 3 kHz at two different stim-
uli of 100 (left column) and 1000 V/mm (right column). The
additional data shown in the bottom right frame (*) origi-
nates from integrated pyro-current measurements and traces
the temperature dependence of the spontaneous polarization.
The dashed line is a fit according to a mean-field like square-
root behavior.
has rather to be explained by the assumption of a sce-
nario of growth limited polarisation processes than by a
static distribution of relaxation times. The very broad
left slope of the loss peak for lowest frequencies may be
determined by pinning, followed by a regime where the
coercive field, which is determined by the domain growth
rate, effectively increases with increasing stimulating fre-
quency. From the decay of the switched polarisation an
effective growth dimensionality of d ≈ 1.8 can be esti-
mated. Even though the dimensional meaning of this
number should not be overemphasized it is in accord with
the reduced dimensionality observed via the direct SHG-
imaging of the domains, which have the shape of elon-
gated bubbles and show one-dimensional growth16. A
small orientational preference with respect to the mag-
netic easy-axis and a shape dependence on the electric
poling history was observed16,17. The domains are large
objects with extension above µm and for the preferred
direction even up to mm, i.e. mesoscopic objects with a
preferred growth axis.
In order to gain information on the temperature de-
6pendence of the switchable polarization and the dynamic
coercivity within the multiferroic phase of MnWO4 we
measured the complex first-order non-linear permittivity
for frequencies between 0.3 and 300 Hz for driving fields
Eac = 100 (left column of Fig. 5) and 1000 V/mm (right
column of Fig. 5). The upper frames of Fig. 5 display
the real and imaginary part of the first-order permittivity
ε1, which show a strong dependency on frequency ν and
stimulus Eac. For the lower frequencies and the higher
stimulus a contribution to both, ε′1 and ε
′′
1 , can be de-
tected throughout the complete multiferroic/ferroelectric
temperature regime TN1 ≤ T ≤ TN2. This is not the case
for high ν or low Eac: here a contribution appears be-
low TN2 but then vanishes towards lower temperatures
already within the ferroelectric phase above TN1. For the
data taken at 3 kHz and 100 V/mm only a very narrow
peak can be seen comparable to the usual anomalies re-
ported in the literature20,21 or in Fig. 2. The use of a
stimulation of 100 V/mm, which does not saturate the
hysteresis loops throughout the entire multiferroic tem-
perature regime, bridges the dielectric results gained for
small and high stimulus measurements. Even for small
stimulus there is a temperature regime for which the
driving field indeed does saturate the loops due to the
small enough coercive field. If the coercive field grows be-
yond the stimulus, the contribution to ε1 vanishes. The
anomaly observed in ε′1(T ) is narrower if the employed
driving field is smaller.
The underlying scenario can be visualized by the
switchable polarization Psw and the estimation for the
coercive field Ec/Eac ≈ ε′′1/|∆ε1| in the lower frames
of Fig. 5. The coercive field rises on cooling below
TN2. When ε
′′
1/|∆ε1| comes close to unity, i.e. when
the temperature- and frequency-dependent coercive field
reaches the amplitude of the applied stimulus, the cor-
responding switched polarization Psw is drastically re-
duced. Only in the quasi-static limit, for high stimulus
and low frequencies, a large polarization Psw,0 can be
switched throughout the whole multiferroic temperature
regime. In the absence of frozen-in bias internal fields
one can assume the quasi-statically polarization to trace
the full spontaneous polarization, i.e. Psw,0 ∝ Ps. For
this case (Ec < Eac) the ε1 data scale and reveal the
temperature dependence of the spontaneous polarization
(see bottom right frame of Fig. 5). This temperature de-
pendence is in agreement with results from pyro-current
measurements (displayed in the bottom right frame of
Fig. 5) and can be described by the mean field expres-
sion for the continuous phase transition Ps ∝ (TN2−TTN2 )β
with β = 1/2, which is derived from a Landau-type ap-
proach with respect to symmetry considerations36 (see
dashed line in the bottom frames of Fig. 5). Indeed the
ferroelectric polarization in MnWO4 was shown to scale
with the product of the two magnetic amplitudes forming
the chiral magnetic structure below TN2
28. Towards the
lower phase boundary at TN1 the switchable polarization
drops abruptly, as expected for a first-order transition.
The observed switching behavior is not significantly
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FIG. 6: (Color online) Switchable polarization Psw mea-
sured for frequencies between 0.3 Hz and 3 kHz at a stimulus
of 1 kV/mm. Left frames: Temperature dependence at zero
field and µ0H = 7.3 T. Right frame: Magnetic field depen-
dence at T = 12 K.
altered applying an external magnetic field. The cor-
responding data are displayed in Fig. 6 together with
the zero field results (already shown in the bottom right
frame of Fig. 5). Regarding the temperature dependent
data in an external magnetic field of B = 7.3 T it can be
noticed that the multiferroic temperature regime is nar-
rowed, i.e. TN2 is lowered and TN1 is increased by the
external magnetic field in accordance with the published
(B, T )-phase diagrams20,21. Again, the square-root be-
havior for the rise of the spontaneous polarization be-
low TN2 can be deduced from the quasi-static limit of
the switchable polarization. A similar mean-field scaling
holds as well for the field dependence of the polarization
displayed in the right frame of Fig. 6. At a temperature
of T = 12 K< TN2 one can continuously drive the spon-
taneous polarization to zero, which can be interpreted as
the quasi-static limit of the frequency dependent value for
the switchable polarization Ps = Psw,0. On approaching
the critical field, in this case Hc ≈ 7.3 T, the polarization
vanishes as Ps ∝ (Hc−HHc )βH with βH = 1/3, which might
be expected, according to canonical Landau-theory, for a
ferroelectric with a linear magnetoelectric contribution to
the free energy near the multiferroic phase transition36,37.
One has to note that in the present case the spontaneous
polarization is only a secondary order parameter.
Turning back to the polarization dynamics below TN2
one can see directly from Fig. 6 that the switching pro-
cess is getting faster in the vicinity of the second order
phase transition, no matter whether driven by tempera-
ture or magnetic field. For the temperature dependent
data one has to note the minimum in the Psw(T )-curves
for the higher frequencies around T ≈ 10 K, which also
persists in external magnetic field, as demonstrated via
the Psw(T,H = 7.3 T)-curves. Such a minimum also was
found in dielectric measurements by Kundys et al.27 and
in polarized neutron measurements sensing the switch-
ability of the magnetic chirality by an electric field18.
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FIG. 7: (Color online) Dielectric loss spectra (left frame)
measured for a stimulus of 1000 V/mm. From the maxima in
these spectra a temperature dependent mean switching time
can be evaluated (right frame). The right frame also displays
the corresponding results for an applied magnetic field of 7.3 T
(red symbols).
This minimum denotes that the effective coercive field
for a given frequency slightly re-decreases on approach-
ing TN1 and the switching gets ’softer’ again for tem-
peratures below 10 K. Actually, such a re-acceleration of
the domain dynamics is unexpected as the phase transi-
tion at TN1 is discontinuous. However, in contrast to the
continuous phase transition at TN2 the coercive field for
a given frequency and the effective switching time for a
fixed stimulus stay finite on approaching the first-order
transition at TN1 from above.
The softening of the domain switching can be moni-
tored via the effective switching frequency ν0, as gained
from the maxima in the dielectric loss ε′′1(ν) (left frame
of Fig. 7). The loss spectra displayed in Fig. 7 cover the
complete multiferroic temperature regime but resemble
the pronounced asymmetry of the exemplary loss data of
Fig. 4 recorded at 9.8 K. As already discussed the shape
of these loss spectra reflects the time and accordingly
frequency dependence of the switching process. These
dynamics include the field-driven nucleation and growth
of domains, which can effectively be described via a fre-
quency dependent coercive field Ec(ν, T ) together with
slower processes, such as the creep of domain walls31,38.
Thus the shape of the spectra ε′′1(ν) should not be related
to an asymmetric distribution of relaxation times for
which the position of the maximum not necessarily gives
the mean relaxation rate. The maxima in the present
case rather denote the maximal dissipation, which can
be expected for the frequency dependent coercive field
reaching the stimulus. This defines an effective switch-
ing rate for a given stimulus, as it is displayed in the right
frame in Fig. 7. (Of course one also could interpret the
data in terms of an effective switching time τ0 = 1/2piν0.)
The steep increase of ν0 in the vicinity of TN2 denotes the
softening of the switching process in the vicinity of the
continuous multiferroic phase transition. However, away
from the second order multiferroic phase transition, the
switching time for stimulating fields of 1 kV/mm lies in
the millisecond range, which is relatively slow compared
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FIG. 8: (Color online) Contour plot of the switchability
∆|ε|Eac/PS . The solid line is a fit according to the modified
Ishibashi-Orihara model31 for the frequency dependence of
the coercive field as described in the text. The symbols (◦)
show the position of the maxima in the dielectric loss spectra
for the corresponding stimulus.
to canonical ferroelectrics (e.g.,34,39), but is in accordance
with reports on such slow switching in MnWO4 obtained
in time domain studies17,18. The effective switching rate
forms a minimum and slightly re-increases on approach-
ing TN1, as already implied by the Psw(T ) data discussed
above. And again, despite the slight, unexpected re-
acceleration of the domain dynamics on further cooling
the effective switching time for a fixed stimulus stays fi-
nite on approaching the first-order transition at TN1 in
contrast to the divergent behavior close to the continuous
phase transition at TN2.
To elucidate the frequency dependence of the effective
coercive field we measured the non-linear dielectric re-
sponse at a fixed temperature of T = 12 K within the
multiferroic phase for different frequencies 100 mHz≤
ν ≤ 10 kHz and different electric stimuli Eac between 10
and 1000 V/mm. The results for the switchable polariza-
tion Psw are displayed in the right part of Fig. 8. For low
frequencies and high stimuli nearly the complete sponta-
neous polarization, which at this temperature is about
Ps ≈ 12µC/m2, can be switched; for high frequencies or
small stimuli nearly no polarization can be switched. A
quantity which characterizes the switchability of the mul-
tiferroic domains can be defined as the effective switch-
able polarization normalized to the maximal switchable,
i.e. the spontaneous, polarization Ps. The switchability
is displayed in the left frame of Fig. 8 as a colour-coded
contour plot ranging between unity (red, fully switch-
able) and zero (blue, not switchable). The symbols (◦)
in Fig. 8 denote the position ν0(Eac ≈ Ec) of the max-
ima in the dielectric loss ε′′(ν,Eac). These points are
systematically shifted to lower frequencies by roughly a
quarter of a decade compared to the value Psw/Ps = 1/2
(color coded white); for a comparison of the position of
the loss maxima to the position of ∆|ε1| = 1/2 see also
Fig. 4. Both curves can be used to quantitatively de-
scribe the frequency of an effective coercive field. The
green solid line in the left part of Fig. 8 is again fit-
ted according to the Ishibashi-Orihara model31,32 which
8predicts a frequency dependence Ec ∝ νd/α. Here d
is again the growth dimension of the domains and α a
constant determining the field dependence of the factor
ΦE ∝ Eα defined above31. Together with a frequency
independent offset due to pinning effects we get an ex-
pression Ec ∝ Epin+νd/α. The value for the pinning field
lies around Epin ≈ 90 V/mm, which sets a lower bound-
ary for the effective coercive field: For smaller stimulat-
ing fields no switching occurs even for lowest frequencies.
The exponent of the frequency dependence of Ec(ν) can
be read off as the slope of the Ec(ν) curve in the dou-
ble logarithmic representation of Fig. 8 to be d/α ≈ 0.5,
which together with the value of d ≈ 1.8 for the effective
growth dimension suggest a value of α ≈ 3.6. This value
is considerably smaller compared to findings in proper
ferroelectrics, where a value of α ≈ 6 was found31,39 re-
vealing a smaller influence of the driving field on the ef-
fective switching time.
A reason for the influence of pinning and the slow
switching process may be connected to the very small
electric dipole moment, which lies about three orders of
magnitude below the ordered moment in proper ferro-
electrics. The domain wall widths stay broader than in
typical ferroelectrics, as expected for magnetically driven
domain structures. Usually pinning of magnetic domain
walls due to impurities is much less pronounced than the
pinning of electric domain walls due to defect induced
electric random fields. In this magnetoelectric case pin-
ning by electric random fields can occur and especially for
such spiral spin structures a small magnetic anisotropy
may lead to bulk pinning effects40. Furthermore, the
magnetic modulation is coupled with a 2×qmagnetic struc-
tural modulations, which show coherent interferences35.
A consequence of the low domain wall mobility and the
high value for d/α ≈ 1/2 is the high coercive field,
which can be extrapolated for the high-frequency case
and might be relevant with respect to application: The
estimated value for Ec(1 GHz) ≈ 1 MV/mm is clearly
beyond the typical values for the electric break-through.
However, this obstacle - asides from the general prob-
lems of frustration related low transition temperatures
and residual conductivity - might be overcome by the
reduction of the growth dimension and domain volume
using MnWO4 as thin films.
D. Summary
In MnWO4 the coupled magnetoelectric dynamics can
be studied using broadband linear and non-linear di-
electric spectroscopy for E||b, the crystallographic axis
along which spontaneous polarization forms below TN2.
Within the ordered multiferroic regime the dielectric re-
sponse is determined by the switching of ferroelectric do-
mains and the growth velocity of domain walls, respec-
tively. The quasi-static limit of the switchable polar-
ization Psw, which traces the spontaneous polarization
Ps, exhibits mean-field behavior with a critical expo-
nent β = 1/2 for the temperature-driven transition and
βH = 1/3 for the magnetic-field-driven transition near
TN2. The mean relaxation rate reaches values in the
10 mHz range in the middle of the multiferroic tempera-
ture regime and exhibits an unexpected re-acceleration
towards the first-order phase transition at TN1. The
electric field dependence of the polarization-switching dy-
namics can be described by a frequency-dependent coer-
cive field Ec ∝ Epin + νd/α using a considerable pinning
threshold Epin. The value for the frequency exponent is
roughly d/α ≈ 1/2 with an effective growth dimension
of d ≈ 1.8, considering a growth-limited scenario as de-
scribed via the Ishibashi-Orihara model. It remains an
open question whether the unusually slow domain dy-
namics in this compound can be modified via a further
reduction of the effective dimension, e.g., in thin films.
Also the details of the strong pinning effect and its pos-
sible alteration, e.g., via static poling or controlled em-
bedding of defects needs further studies.
We demonstrated that the dielectric response of
MnWO4 comprises a very broadband dynamics ranging
down to mHz frequencies for the domain switching pro-
cesses in the middle of the multiferroic phase. It will
be interesting to compare these dynamical characteris-
tic to multiferroics possessing different magnetoelectric
coupling mechanisms or a simpler sequence of magnetic
transitions.
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